The climate modeling community has been challenged to develop a method for improving the simulation of the Pacific-North America (PNA) teleconnection pattern in climate models. The accuracy of PNA teleconnection simulation is significantly improved by considering mesoscale convection contributions to sea surface fluxes. The variation in the PNA over the past 
Introduction
The Pacific-North America (PNA) teleconnection presents one of the most prominent large-scale patterns of atmospheric low-frequency variability in the northern extratropics. It is driven by oscillations in geopotential height over the Pacific Ocean and across the North American continent (Bladé, 1999; Stoner et al., 2009 ). The El Niño-Southern Oscillation (ENSO) phenomenon involves large SST anomalies in the eastern tropical Pacific, which lead to substantial anomalies in evaporation and the reorganization of cumulus convection through the Pacific. The resultant deep anomalous tropical heat source produces a Rossby wave response, which emanates into the extratropics, particularly the Pacific-North America regions (Straus and Shukla, 2002) . The PNA tends to be positive during El Niño events, and its time series illustrates an increasingly positive trend in recent years, which Corresponding author: LI Zhong-Xian, lizhongxian@nuist.edu.cn  follows SST trends for the central equatorial Pacific (Trenberth et al., 1998) . The PNA spatial pattern is realistically simulated by a three level quasi-geostrophic model (Corti et al., 1997) , which provides much better forecasting for strong-amplitude ENSO years than for normal years (Derome et al., 2005) . Using 22 of the coupled atmosphere-ocean general circulation model (AOGCM) simulations submitted to the Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4), Stoner et al. (2009) found that only two AOGCMs were relatively successful at simulating PNA time series, although almost all AOGCMs were able to simulate a recognizable PNA spatial pattern. Therefore, simulation of the PNA is one of the most important and challenging tasks of climate research.
Air-sea interaction plays a key role in the Earth's climate, especially over tropical oceans (Mondon and Redelsperger, 1998) . Variations in Pacific SSTs and precipitation patterns have profound climate implications for the tropics and, most likely, for the extratropics (Collins et al., 1997) . Variations in SST modulate convective activity, and hence the diabatic forcing, through the evaporation from the ocean surface. Thus, general circulation models' abilities to represent tropical circulations and to faithfully simulate the sensitivity of the atmosphere to SST variations depend upon surface flux parameterization (Miller et al., 1992; Palmer et al., 1992; Webster and Lukas, 1992; Brunke et al., 2003) .
Atmospheric and oceanic general circulation models (GCMs) parameterize surface fluxes using the bulk aerodynamic method. In general, current schemes use formulae based on local measurements and assume horizontally homogeneous parameters over the grid scale, but this assumption is not necessarily true (Mondon and Redelsperger, 1998) . It has been shown that the effects of atmospheric mesoscale convection lead to enhanced surface fluxes (Saxen and Rutledge, 1998) . Based on Tropical Ocean Global Atmosphere (TOGA) array mooring data, Esbensen and McPhaden (1996) found that mesoscale enhancement of evaporation can reach 30% of the total evaporation. Miller et al. (1992) used the European Centre for Medium-Range Weather Forecasts' (ECMWF) model to reveal model sensitivity to air-sea flux parameterization at low wind speeds. After considering the effect of free convection on surface fluxes, the interannual, seasonal, and intraseasonal variability of general circulations were more realistically simulated. The same results were seen using the Community Atmospheric Model version 3 (CAM3) (Li et al., 2009) .
The Grid Atmospheric Model of Institute of Atmospheric Physics (IAP), the State Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG) version 1.0 (GAMIL1.0) is a grid-point atmospheric general circulation model (AGCM) developed by IAP LASG, Chinese Academy of Sciences (CAS). It is widely used for climate simulations on interdecadal and interannual timescales (Li et al., 2007; Zhou et al., 2009ac; Kucharski et al., 2009 ). However, weak sensitivity to changes in sea surface temperatures has been observed during the use of GAMIL1.0 ). This paper employs improved parameterization of GAMIL1.0 by considering the effect of mesoscale enhancement on sea surface heat fluxes. The impact is highly beneficial because it greatly improves the interannual variability and spatial pattern of the PNA.
The remainder of the paper is organized as follows: the experimental design and observed data used to evaluate the model results are described in section 2; section 3 presents the simulation of the interannual variability and spatial pattern of PNA; section 4 discusses the mechanism responsible for the effect of mesoscale enhancement on PNA simulation; and the conclusion is given in section 5.
Experimental design and data

Model and experimental design
GAMIL1.0 employs a horizontal resolution of 2.8 ×2.8 and 26 levels of vertical resolution. The model uses a dynamical core developed by Wang et al. (2004) and physical packages from the Community Atmospheric Model Version 2 (CAM2) of the National Center for Atmospheric Research (NCAR; Collins et al., 2003) . The parameterization scheme (GAMIL scheme) of sea surface turbulent fluxes in GAMIL1.0 was improved by considering the contribution of the mesoscale convection to sea surface fluxes (Zeng et al., 2002; Li et al., 2011) . The new parameterization scheme is named the GAMIL_rev scheme. The interannual variability of general circulation is simulated by the GAMIL1.0 model by using observational SST data with the original parameterization scheme (GAMIL scheme) and the GAMIL_rev scheme of sea surface turbulent fluxes.
Data
Observed data used in this paper include the National Oceanic and Atmospheric Administration's (NOAA) extended reconstruction SST data (Smith and Reynolds, 2003) , the surface latent heat flux and 500 hPa geopotential height fields data obtained from the 40-yr ECMWF Re-Analysis (ERA40; Uppala et al., 2005) and the Climate Prediction Center Merged Analysis of Precipitation (CMAP; Xie and Arkin, 1996) data, spanning from January 1979 to December 2000. The horizontal resolution of SST is 2×2, the resolution of geopotential height and precipitation is 2.5×2.5 and the resolution of surface latent heat flux is a T62 Gaussian grid.
The period of analysis considered in this study spans the boreal winter season during the months of December, January, and February (DJF) from 19792000; for example, the 1980 winter represents December 1979 , January 1980 , and February 1980 (Fig. 1) . After considering the effect of the mesoscale convection on sea surface fluxes, the model performs better at capturing interannual variability in the PNA. The correlation coefficient between GAMIL (GAMIL_rev) scheme simulated and observed PNA indices is 0.45 (0.68). These relationships are statistically significant at 95% and 99% confidence levels, respectively. Our results indicate that the GAMIL_rev scheme can simulate the PNA index better than the GAMIL scheme.
To analyze the simulation of PNA spatial patterns, Fig.  2 provides regression coefficients for anomalous 500 hPa geopotential heights extracted from ERA40 data and the GAMIL and GAMIL_rev scheme simulations against PNA indices from ERA40 data. In Fig. 2a , over a 500 hPa geopotential height field, the regression coefficients are 10 gpm and 40 gpm for the subtropical North Pacific and northwestern North America, respectively, and 80 gpm and 20 gpm for the Northeast Pacific and southwestern North America, respectively. It is in this way that four anomalous centers are located over the North Pacific and across North America, which is representative of the typical PNA teleconnection pattern. Figure 2b shows that the spatial features of the PNA pattern can be simulated by GAMIL1.0, but the simulated four anomalous centers are weaker than those from ERA40. Further, Fig. 2c shows that the four anomalous centers simulated by GAMIL_rev are closer to those from ERA40.
Mechanism analysis
Why is PNA simulation significantly improved by the GAMIL_rev scheme? Tropical rainfall is important to the hydrological cycle. Three-fourths of the energy that drives atmospheric wind circulation comes from the latent heat released by tropical precipitation (Kummerow et al., 2000) . Therefore, the performance of interannual tropical Pacific precipitation simulations for winter were analyzed. Figure 3 shows the regression patterns of anomalous tropical Pacific precipitation with the SST anomaly for the Niño3 region. Precipitation increased (decreased) over the central-eastern Pacific (western and subtropical Pacific) when the SST anomaly in the Niño3 region was positive (Fig. 3a) . The simulated precipitation over central-eastern Pacific was lower than that reported by CMAP. The rate of precipitation reported by CMAP was 5 mm d 1 , whereas it was simulated to be less than 4 mm d 1 by both simulation schemes (Figs. 3b and 3c) . This difference indicates that latent heat release over the tropical Pacific is not simulated as well by GAMIL1.0. However, precipitation rates over the tropical Pacific are simulated more reasonably by the GAMIL_rev scheme than the GAMIL scheme. In the tropical atmosphere, anomalous SSTs force anomalies in convection and large-scale overturning, with subsidence in the descending branch of the local Hadley circulation. The resulting strong upper tropospheric divergence in the tropics and convergence in the subtropics act as a Rossby wave source (Trenberth et al., 1998) . In response to enhanced tropical heating during an El Niño event, the divergence in the tropics and convergence in the subtropics are strengthened, leading to an enhanced PNA teleconnection pattern through atmospheric Rossby wave propagation. Therefore, tropical heating plays a key role in reproducing the PNA teleconnection pattern. As discussed above, after taking into account the contribution of mesoscale enhancement to the air-sea surface fluxes, tropical precipitation and latent heat release are simulated more reasonably by GAMIL1.0, which in turn improves simulation of the interannual variability in the PNA.
To further verify the enhancement-effect of heating over the Pacific, Fig. 4 gives the regression coefficients for winter surface latent heat flux anomalies resulting from comparison of ERA40 data, and GAMIL and GAMIL_rev scheme simulations to PNA indices calculated from ERA40 data. the Kuroshio region. When Fig. 4a is compared to Fig. 4b it becomes apparent that the latent heat fluxes simulated by GAMIL1.0 are lower than those from ERA40 for the tropical central-eastern Pacific and the North Pacific; and the GAMIL1.0 simulated latent heat flux is negative for the Kuroshio region, which is the opposite of the ERA40 results. After considering the mesoscale enhancement, the capability to simulate latent heat flux over the tropical central-eastern Pacific is significantly improved, and the simulated latent heat fluxes over the North Pacific and the Kuroshio region are also close to the ERA40 data (Fig.  4c) .
Conclusions
To improve the accuracy of PNA simulation, mesoscale convection contributions to sea surface fluxes are considered as a component of the air-sea turbulent flux parameterization scheme of GAMIL model, named the GAMIL_ rev scheme. The interannual variability of general circulation is simulated by the GAMIL1.0 model using the original parameterization scheme (GAMIL scheme) and GAMIL_rev scheme of sea surface turbulent fluxes, which is achieved by the use of observed SST data. Results show that consideration of mesoscale enhancement in the scheme allows improved simulation of interannual variations in the intensity and phases of PNA teleconnection patterns by GAMIL1.0; the simulated PNA intensity during El Niño years is very close to that of ERA40 during the winter. The correlation coefficients resulting from the comparison of observed and simulated PNA intensities increased from 0.45 to 0.68 when the GAMIL and the GAMIL_rev schemes were used, respectively. Consideration of mesoscale enhancement in the scheme also resulted in a more reasonable simulation of the response of precipitation to SST in the tropical central-eastern Pacific so that the sea surface latent heat flux anomaly was more similar to the reanalysis data. Inclusion of realistic heating in the tropical central-eastern Pacific significantly improved simulations of interannual variations and spatial patterns of PNA. Improvements in PNA simulation result in more accurate predictions of sea surface heat flux for the mid-latitude North Pacific.
